Answering what is the bare minimum combination of avionics and vehicle platform design that enables useful autonomous indoor flight without GPS is required to understand the lower cost bounds for indoor UAS technology. The GT Lama indoor Unmanned Aerial System (UAS) capable of autonomously exploring indoor areas in GPS-denied environment discussed here was designed in an attempt to answer this question. The GT Lama weighs around 600 g (1.3 lbs), has a diameter of approximately 70 cm (27.6 inches), and costs less than USD 900. Cost and weight savings are realized through development of an innovative indoor Guidance Navigation and Control algorithm that uses only five small offthe-shelf, low-cost range sensors rather than expensive and sophisticated sensors such as inertial measurement units, scanning laser range sensors, and GPS. The onboard software leverages the inherent stability of the co-axial rotorcraft platform and fuses information from the low-fidelity range sensors to detect and follow walls and other stationary obstacles.
navigation, and control algorithms used are discussed in detail and validated through flight tests.
I. Introduction
T he need for autonomous vehicles has been widely demonstrated for tasks such as search and rescue, disaster assessment, and military reconnaissance, to name a few. Miniature air vehicles are ideal candidates for such missions as they can use three dimensional maneuvers to overcome obstacles that cannot be overcome by ground vehicles. However, significant technological challenges exist in order to ensure reliable operation in such environments. Most current algorithms for Unmanned Aerial System (UAS) Guidance Navigation and Control (GNC) rely heavily on GPS signals, 1, 2, 3 and hence are not suitable for indoor navigation where GPS reception is poor at best. Furthermore, an indoor UAS must be sufficiently small in order to successfully navigate cluttered indoor environments, consequently limiting the amount of computational and sensory power that can be carried onboard. Finally, the UAS may need to be expendable when operating in dangerous or contaminated environments, hence low-cost designs need to be explored. These restrictions pose significant technological challenges for the design of reliable Miniature Air Vehicle (MAV) platforms capable of navigating cluttered areas in a GPS denied environment.
In order to allow for sufficient maneuverability, researchers have relied on rotorcraft based MAVs. Many rotorcraft based configurations, including quadrotors, ducted fans, and MAVs based on a conventional single rotor design are inherently unstable. To counter this lack of inherent stability, researchers have proposed the use of strap-down Micro-Electro-Mechanical Systems (MEMS) inertial sensors (gyroscopes and accelerometers) to aid in the attitude stabilization of intrinsically unstable platforms (e.g. see Refs. 4, 5 for quadrotor stabilization). In order to bound the biases from inertial sensors, other sensors providing position-related information are also needed: e.g. laser rangefinder, 6 vision system, 7, 8 or both. 9 With all the required embedded sensors to enable stable flight of inherently unstable MAV platforms, the avionics system necessary for vehicle stabilization and indoor navigation ends up being heavy and expensive. On the other hand, if a rotorcraft platform that is stable in the attitude loop is used, then the required sensor load can be reduced, resulting in significant decrease in the cost and complexity of the system. It is the purpose of this paper to establish the feasibility of such a low-cost, lightweight approach based on inherently stable MAV platforms.
To that effect, details of the design, development, and flight testing of the GT Lama UAS which is capable of navigating cluttered and confined environments with a low-cost and low weight embedded avionics system are presented. The GT Lama weighs around 600 g, is 70 cm wide, and costs less than USD 900 to build (based on pricing in 2009). The GT Lama employs a novel approach to indoor Guidance Navigation and Control (GNC) that does not require inertial sensors, a vision system, or GPS signals. Rather, it relies only on five commercially available, low-cost, low-fidelity range sensors and an event based guidance algorithm that uses the internal geometry of indoor environments and leverages the inherent stability properties of the coaxial rotorcraft platform in an attempt to maximize the explored perimeter of indoor area in a reasonable amount of time. The algorithms and GNC techniques developed here establish the requirements for a bare minimum avionics and hardware combination that can result in useful indoor autonomous flight. Several behaviors of the presented algorithm are suboptimal when compared to what can possibly be achieved with UAS with more sophisticated sensor suites and mapping (SLAM) capabilities (see e.g. 10,6,9,11). However, the algorithms discussed in this paper are by far computationally cheaper to implement, and the cost of some of the smaller laser-scanners used for SLAM can be twice that of the cost of the entire GT Lama UAS (2009 prices). Therefore, the GNC algorithms in this paper are expected to enable teams of extremely cheap expendable flying robots that can be deployed in an indoor environment in a launch-and-forget manner to transmit video signals from within.
The discussion begins with the miniature rotorcraft platform employed for the development of the GT Lama in Section II, including the details of the sensing, computational, and communications hardware used.
Next, a brief overview of the event driven navigation, guidance, and control algorithm employed on the GT Lama is presented in Sections III through V. Finally, flight test results are presented in Section VI in which the GT Lama autonomously explores a typical indoor environment.
II. Vehicle and embedded avionics system
A. Aerial Platform A vehicle designed to traverse indoor environments must be sufficiently small and be able to maneuver tight corners. A traditional fixed-wing platform has poor hover performance (if it is capable of hovering at all), and hence is severely disadvantaged in this case. A natural choice then would be rotorcraft based designs. However, most rotorcraft are unstable in flight and must have an inertial measurement unit (IMU) along with additional algorithms and sensors to estimate velocity, attitude, and angular rates in order to be effectively stabilized using closed loop control laws. Due to restrictions on size and weight, strap-down MEMS based IMU must be utilized. The data from these sensors is susceptible to sensor drift and misalignment errors which must be corrected using an external position fix. 1 Typically, this is achieved by using GPS signals, 2, 3, 1 which are unavailable in indoor environments. A solution to this problem is to circumvent the attitude stabilization task by choosing a vehicle that has desirable stick free stability properties in attitude.
An example of such a vehicle is a coaxial miniature rotorcraft platform with counter-rotating blades and a
Bell stabilizer bar.
The coaxial rotorcraft platform selected for this research is the E020 "Big Lama" a , made by E-Sky R .
Some vehicle details are presented in Table 1 . The vehicle is a counter-rotating coaxial helicopter with no tail rotor that has been augmented with an off-the-shelf attitude hold system. The upper rotor is stabilized by a Bell stabilizer, the Bell stabilizer bar provides this vehicle with a passive stabilization system which results in a tendency of the vehicle to hold its attitude in space. The system is a four channel helicopter with pitch, roll, yaw, and throttle control. Table 2 for detailed information on the sensors. The final configuration of sensors is shown in Figure 1 . The layout consists of one sonar range sensor pointed downwards to measure the altitude, two IR range sensors installed with a 45 cm offset to measure distance to obstacles in front of the rotorcraft, and two IR sensors arranged to measure the distance to obstacles on the right and left of the aircraft. Difference in range measurement between the two forward looking IR sensors can also be used to estimate the heading of the aircraft. Further details of the sensor properties can be found in [13] . 
III. Navigation Algorithm
A key focus of this effort was to enable navigation in indoor environments without relying on any external positioning signals.
A traditional Kalman filter is ineffective in handling discontinuities and bad measurements from the sensors as these cannot be modeled as zero mean Gaussian white noise. A bad measurement is defined as a measurement between the minimum and maximum valid outputs of the sensor which appears to be uncorrelated with the previous and the latter measurement. When an update using a bad measurement occurs the resulting large residual between the predicted measurement and the actual measurement will significantly change the state and its derivative, affecting the controller performance adversely. In addition, if an obstacle suddenly comes into range of a sensor, a non-existent velocity will be predicted again adversely affecting the controller performance. To overcome the problems brought about due to bad measurements and "pop-up" obstacles, the Kalman filter was augmented with an outlier detection filter, as shown in Figure 3 .
The outlier detection filter checks whether the residual for every new measurement is statistically probable (i.e. less than 3 standard deviations away from the residual covariance). If this is indeed the case then the measurement is accepted and a filter update is performed. The details of this algorithm are described below.
Let h denote the altitude measurement, let x denote the distance to an obstacle in front of the rotorcraft, and let y R and y L denote the distance to obstacles on the right and left of the rotorcraft. Then the state
, elements of which are assumed to be available as noisy sensor measurements. In order to estimateż a simple measurement model can be used:
Let Φ be the state transition matrix, R be the measurement covariance matrix, Q be the process covariance, P be the state covariance, H be the observation matrix, andẑ is the state estimate. Choosing appropriate constant R and Q, a steady state covariance P can be found by solving the Discrete Algebraic Riccati Equation.
14 The Kalman gain K can then be computed as follows:
When a measurement is processed the estimated state is first propagated forward to the current time:
Then the estimated state is updated using the measurement y:
The covariance of the residual can be approximated by:
To implement outlier detection the following simple and computationally efficient scheme is used. If the residual is deemed improbable the measurement is rejected but stored and the state is propagated without a measurement update. If the measurement is rejected 4 times in a row and all the rejected measurements are sufficiently similar, then a discontinuity (possibly due to an obstacle or change in the indoor geometry) is detected and the new measurement is accepted without altering the velocity estimate, thus ensuring smooth control. Figure 4 shows an example of the filter in operation.
The heading of the rotorcraft is estimated using the relative range difference between the two forward mounted IR sensors. Let the measurements from these sensors be denoted as x R and x L for the right and the left sensor respectively and let L denote the mutual horizontal offset between the two sensors. Then an estimate of the relative heading ψ can be given as:
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American Institute of Aeronautics and Astronautics heading estimate is highly susceptible to noise. This issue is handled in a computationally efficient manner by filtering the IR range measurements using an Extended Kalman Filter. 14 The orthogonal distance to the obstacle in front, denoted previously by x can then be found by averaging x R and x L and correcting for the heading ψ. Figure 6 shows the performance of the navigation algorithm attempting to estimate the wall distance and relative heading with respect to the wall using the two offset IR range sensors. 
IV. Guidance Algorithm
The task of the guidance algorithm is to plan a path such that the mission objectives are met. In this example, the presumed mission goal is to relay live video information from an indoor area of interest to a remote observer. Traditionally, the task of planning an optimum path such that mission requirements are satisfied is solved by using predefined global maps and the knowledge of the absolute information of the vehicle with respect to the map. 15 This approach however, cannot be used in this case as no absolute position information or a predefined map of the environment is available. MAVs operating in indoor environments need to simultaneously gather information about the immediate surrounding (also known as mapping) and find its position within this surrounding (also known as localization).
Various approaches have been used towards solving the Simultaneous Localization and Mapping (SLAM) problem, with a common one being the integration of vision sensors with inertial sensors. 16, 17, 18 This approach relies on sophisticated measurements of the environment and needs significant computational resources for simultaneously forming a map and estimating the position of the vehicle. Since the main goal of this work was to reduce the cost and the weight of the aircraft as much as possible, an alternate approach was used that enables indoor area exploration without having to first solve the SLAM problem. The approach here is designed to work within any indoor environment enclosed (partially) by walls. Walls are easy to identify, have a smooth structure, and are built in a predictable manner. Furthermore, it is possible to traverse the complete perimeter of an indoor environment by simply detecting a wall and traversing alongside.
Consequently, the guidance algorithm is designed to find a wall on its right, left, or in front. After detection, the algorithm points the rotorcraft towards the wall and attempts to maintains a predefined distance from the wall using forward looking range sensors. Measurements from two forward looking range sensors are combined to obtain a relative heading with respect to the wall. This information is then used in the heading controller that ensures that the rotorcraft maintains a constant heading with respect to the wall. In order to traverse the indoor environment, the vehicle simply flies sideways along the wall until it detects an obstacle or another wall in the direction of travel, thus triggering the corner guidance algorithm. The detected corners
are maneuvered through open loop turn logic. This approach can result in interesting behavior if there is a discontinuity in a wall, such as when an entire face of a building is missing. In this case, this approach would result in the system exiting the indoor environment and circling around the building by traversing the external perimeter. Furthermore, if the vehicle is initialized in the middle of a large hall, the approach would result in the vehicle flying to one side until it finds a wall. These behaviors are clearly suboptimal, but given the minimal choice of sensors and lack of closed-loop mapping (SLAM) algorithm, this is the best that can be expected. Furthermore, it is possible to minimize the likelihood of the vehicle entering into repetitive suboptimal behavior by adding a component of randomness to the guidance strategy. In essence, this approach can result in cheap expendable robots that can be distributed within an indoor environment to transmit video signals from different regions.
On the onboard controller, this approach was implemented as an event based algorithm, which switched through different guidance modes based on detection of events. The vehicle starts by entering the indoor arena through a specifically designed "Window Entry" mode (state S1). In this mode, an object detected on If one of the forward-looking IR sensors detects a step change to max range while the other sensor still reads near the estimated wall distance, a convex, or outside, corners has been detected and the vehicle enters the "Outside Turn" mode (state S6). In this mode it yaws to the left in order to continue around the corner. At the conclusion of the inside or outside corner mode the vehicle should be facing a wall, this is confirmed by verifying acceptable range measurements from the two front IR sensors. The vehicle then returns to "Wall Follow" mode and continues flight. In this way it is possible to traverse significant indoor areas in reasonable amount of time. This logic was tested onboard the GT Lama in different indoor arenas and was demonstrated to ensure safe and effective indoor flight without reliance on GPS signal, inertial measurements, and using only five range sensors. Figure 7 presents a schematic of the guidance algorithm.
The above event based guidance algorithm uses various flags (such as "wall detected", "wall on right"
etc.) to switch between different control modes. In order to ensure smooth switching, the flag values were filtered using a first order filter, this ensures that a particular mode will be triggered only if the triggering flag has been consistently on for a while, effectively ensuring high confidence in the switches and reducing the possibility of chance switches. 
V. Control Algorithm
In the traditional method for rotorcraft control, a position loop commands velocity, the velocity loop commands attitude, and the attitude loop achieves stabilization by using the actuators to control the angular rate. This approach is known as nested control loop stabilization and has been widely studied. 15, 19, 20, 21 For the GT Lama, due to the lack of accurate angular rate and attitude information, the traditional method of nested control loops cannot be utilized. The problem is addressed by leveraging the inherent stick free stability properties (in roll and pitch) of the coaxial rotorcraft platform and adding an off-the shelf heading lock gyro to control yaw. The position command is then directly linked to the actuator deflection using a Proportional Integral Derivative (PID) control for providing servo deflections such that the vehicle is able to track a commanded relative position. The position commands are designed to ensure that the vehicle maintains a predefined relative distance from a wall and maintains relative altitude. Figure 10 where x is the estimated state of the system including the position, velocity, and the angular rates. The control input is given by u. Note that this control input is intended to provide a correction around the trim of the rotorcraft, given by u trim . Next follows a discussion of the altitude PID control loop design. Let the estimated relative altitude be given by h and the commanded altitude be given by h c which can be a constant command or the output of a reference model chosen to characterize the response of the system:
where r(t) is a reference input to the reference model. The error between the estimated state and the command is:
This results in the error system:ė
The PID control action can be summarized by the following equation:
In the above equation, instead of integrating the error e(t) as is traditionally done, the servo commands output by the controller are integrated (under the assumption that the servo output is linearly dependent on the error). In this way the system can inherently handle actuator saturation and integration windup.
Furthermore, servo commands are easier to measure since they are assigned by the controller. Closed loop stability is ensured by choosing the PID gains K p ∈ ,K d ∈ ,K i ∈ such that the error system (Equation 10) is rendered stable through negative feedback. The key to successful and reliable implementation of PID control lies in the estimation of the state and its derivative. These are estimated using Kalman filter based algorithms as described in Section III.
The control action is achieved by using four independent control loops:
Altitude Hold: The function of the altitude hold control loop is to use the filtered measurements from the downward pointed sonar for altitude control. A PID architecture is used, where the derivative of the position is calculated using the Kalman filter architecture as described in Section III. During vehicle operation, varying battery voltage level affects the throttle trim value. The integral part of the controller is used to counteract this effect. Rather than integrating the position as is traditionally done, the servo commands output by the controller are integrated instead. As a result, the system can inherently handle actuator saturation and integration windup. Furthermore, servo commands are easier to measure since they are assigned by the controller. Figure 11 shows the schematic of the altitude control loop. The lateral and the longitudinal control loops have a similar architecture.
Altitude Estimate The control loop architecture is similar to the altitude hold controller.
VI. Flight Test Results
In the final configuration, all GNC software was programmed using C programming language on the ATmega128 microcontroller serving as the onboard computer. The microcontroller read the data from the onboard sensors, performed the required GNC computations, and executed the commands by manipulating the servos using Pulse Width Modulation (PWM) signals. For these tasks, a 20 Hz update rate for the controller was found to be sufficient. The microcontroller also communicated with an off-board ground station through the Xbee modem at an update rate of 10Hz. An independent 900 MHz datalink was used to transmit live video information from the onboard camera to an independent ground station. The range data and vehicle status transmitted to the ground station using the Xbee modem was used for monitoring vehicle status and post-flight analysis. A Ground Control Station (GCS) was developed based on an existing GCS for outdoor UAS. 24 The GCS was programmed in C/C++ and used Open GL for graphical rendering.
The GCS enabled real-time monitoring of all sensor data, real time adjustment of control loop gains, and functioned as a pilot interface during manual flight. A useful feature of the GCS is its ability to plot all sensor data in real time, and the ability to save the underlying sequences as MATLAB or text data files for data analysis. A screen shot of the GCS during an autonomous flight is shown in Figure 13 .
To date (April 2010), the aircraft has flown over 15 flights in fully autonomous mode and well over 100
flights where individual capabilities were tested. A typical fully autonomous flight test began with manual takeoff and flight to a desired altitude, altitude control loop was then enabled, followed by enabling of all other loops and the guidance logic. Flight times of approximately seven minutes were achieved with 1350 mAh 11.1 volt Lithium Polymer battery packs, which were the only source of onboard power. Figure 14 It can be seen that the GNC algorithm is successful in separating sensor outliers from real discontinuities (obstacles) on the arena floor. The sonar based PID altitude control loop showed excellent performance.
The performance of the wall following control loops for another flight (see Figure 9 ) is shown in Figure 15 .
In that figure, the subplot on the top shows the estimated distance to the wall as the rotorcraft maneuvers an indoor arena. The third subplot shows the distance to a wall that is in the path of the rotorcraft as it traverses to the right along a wall. The second subplot shows the longitudinal cyclic commands generated by the onboard control algorithm which attempts to keep the rotorcraft between 0.5m and 1.52m (20 and 60 inches) of the wall as the rotorcraft maneuvers along the wall, and performs both inside and outside turns (discussed in Section IV). The fourth subplot shows the lateral cyclic commands generated by the onboard lateral position control algorithm which engages when a wall or an obstacle is detected.
The vehicle was successfully able to navigate a variety of indoor geometries autonomously. These included straight corridors, sharp corners, flight over obstacles, and flight through windows. As the system has no access to absolute position information, it is possible to imagine situations where the presented control architecture can be suboptimal. For example, the system has no way to distinguish between a corner, a window, or a door when the outside turn mode is activated. This could lead to chance situations where the vehicle enters a building through one window and leaves through another. A way to mitigate such situations is to add randomness to system behavior so that the probability of the system being stuck in repetitive loops is minimized. As tested, the system performance was acceptable given that no absolute position information was required, and no elaborate mapping of the environment was performed. Some improvement in attitude handling and the bandwidth of the control law may be achieved by the inclusion of gyroscopic rate dampers in the roll and pitch axes. 
VII. Conclusion
The design, development, and flight testing of a fully autonomous, miniature Unmanned Aerial System capable of exploring cluttered indoor environments without any external sensing aids has been presented.
The choice of an off-the-shelf coaxial rotorcraft based design with desirable stick free properties enables a light weight vehicle while retaining sufficient maneuverability. Furthermore, it was demonstrated that the passive attitude stability properties of the rotorcraft platform can be leveraged to develop an extremely low cost Guidance Navigation and Control strategy based entirely on 5 commercially available, low-cost, lowrange, range sensors. The key innovations required to realize this goal were the use of a filtering algorithm capable of detecting and rejecting sensor induced outliers, and the development of event based guidance algorithm that uses the inherent structure of the indoor environment. The guidance algorithm detected and followed walls in an indoor environment to ensure that a maximum amount of indoor perimeter is explored.
The algorithm did not require elaborate mapping and localization techniques, and hence was found suitable for onboard implementation on a low-cost, low-power, off-the-shelf micro-controller.
Finally, flight test results were presented that demonstrate the capability of the extremely low-cost (USD 900), light weight (600 g) GT Lama rotorcraft UAS and the onboard GNC algorithm to explore cluttered and confined indoor environments using only 5 range sensors. These results demonstrate that it is possible to develop a fully autonomous indoor UAS without relying on elaborate sensors for full state estimation and for forming a detailed map of the environment. Although it is clear that augmenting the presented method with better sensors and mapping tools will significantly improve the performance, this requires increased payload capability and power. The requirement for extra payload and sensory power on a single aircraft may be bypassed by distributing the sensing load over a fleet of indoor vehicles.
